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ABSTRACT 

Femc chlorrde-photosensrtlzed oxrdations of methanol, ethanol, 1-propanol(3), 
2-propanol, 1-butanol(5), 2-methyl-1-propanol. 2-methyl-2-propanol(7), 1-pentanol, 
cyclopentanol, and cyclohexanol were conducted m the cavity of an e s r spectrom- 
eter at temperatures between - 150 and - 196”, wrth a hrgh-pressure, mercury lamp 
as the hght source Except for ngtd glasses of 7 plus ferrrc chloride, all of the 
photolyzed alcohols mvestrgated generated e s r--detectable free-radicals. The effects 
of temperature on the concentrations of the radicals formed m the ngrd glasses 
Indicated that the production of free radicals derived from alcohols mvolves an active 
mtermedrate trapped m rhe photolyzed, femc chloride-alcohol rrgrd glass In almost 
all cases, the mtensmes of the srgnals of the e s r-detectable radrcals increased after 
photolysrs was Qscontmued When the temperatures of the photolyzed, ngrd glasses 
were increased, the intensitres of the signals generated by the radtcals Increased 
mtrally, unto! radical recombmatrons became the predommant reactron Based on 
hyperfine sphttmgs of the e s r spectra, a free-radrcal sue could be assrgned to the 
hydroxyl-bearmg carbon atom of all of the alcohols mvestrgated, except 3, 5, and 7. 
As the temperatures of the rrgrd glasses were increased, changes m hypertke sphttmgs 
of the e s r spectra of the radrcals denved from alcohols were observed, these changes 
probably reflect increased molecular matron of the photolyzed alcohols 

INTRODUCTION 

Durmg an mvestrgatron of the effects of ultraviolet radratron on free-radtcal 
reacttons rmtrated m cellulose’, photosenslttzed oxrdatrons of alcohols m aqueous 
solutrons that contamed sodmm anthraqumonesulfonate sensrtrzers were studred at 
25” by electron-spm resonance (e s r ) spectroscopy The role and kmetms of serm- 
qumone radicals and radical ions in photosensrtlzed oxrdatron of alcohols were 
reported’ 

We have now apphed these techmques to the elucrdatron of the nature of 
radrcals denved from alcohols m ngrc’ glasses durmg photosensrtrzed oxidation at 
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- 150 to - 196”. For cellulose in the solid state, alcohols m ngrd glasses are probably 
better models than alcohols m aqueous solutron Also, ferrrc chlorrde was used as the 
photosensmzer, rt does not generate an e s r -detectable mtermedrate The nature of 
the photosensitrzer-induced, free radmals in several alcohols in ngrd glasses IS 
described.. 

RESULTS AND DISCUSSION 

Fen-m chloride-photosensrtlzed oqdatrons of methanol (1) and ethanol (2) in 
rigid glasses at - 175” gave free ra&cals that generated tnplet and qumtet e s r spectra 
for -CHIOH and CH,CHOH, respectwely. The spectra also exhrbrted hyperfke 
sub-sphttmgs of -400 FT that were attnbuted to mteractlons of hydroxyl hydrogen 
atoms wrth the unparred electrons For both alcohols, the mtensltles of the e s r 
spectra were stable at - 175” When the temperatures of the glasses were rarsed to 
- 160”, the mtensmes of the spectra increased momentanly and then decreased to 
about 80% of their imtral values Sulhvan and Koskr3 recorded a tnplet es r 
spectrum for methanol photolyzed in a matrix at -196”; when they photolyzed 
ethanol m a matnx at - 196”, an e s r. spectrum havmg very low intensity was 

recorded4. Gibson et al ’ photolyzed a nBd glass of ethanol and hydrogen peroxide 
at - 196”, and recorded an e s r spectrum havmg very low stablhty and mtenslty 

When rrgrd glasses of fen-m chlonde plus water, methanol plus water, or 
ethanol plus water were photolyzed wrth hght of wavelength 365 0 nm, no e s r - 
detectable, radical mtermediates were formed6 * ‘. When ngrd glasses of femc chlonde 
plus methanol or ethanol were photolyzed, e s r -detectable ra&cals were formed Our 
mterpretatron of the hyperfine sphttmgs of the e s r. spectra IS that the radicals denve 

Fig 1 Effect of [Cl-] on the concentration of free radicals fanned durmg femc chlonde-photo- 
sensmzed oxidation of ethanol (2) for 4 5 mm at - 170”. (CornposItion of ngd glass, 99 1 (v/v) 
ethanol-water, lmnr Fe(N0 3 ) 3. LlCl added to abtam the desired [Cl-] ) 
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from the alcohols In femc chloride-photosensld reactloons, mechamsms proposed 
for the denvatlon of active intermedlates from femc chloride mvolve the formation of 
FeCIz (ref 8) or Cl (refs. 6,9, and 10). Subsequent reactlolls of these intermediates 
with alcohols by hydrogen-atom abstractlons yield e s r -detectable free-radxals The 
effect of [Cl-] on the concentration of free radxals formed dunug femc chloride- 
photosensltlzed oxldaizon of ethanol (2) III rigd glasses IS shown In Fig 1 In nsd 
glasses of 99 1 (v/v) ethanol-water, Fe(NO,), (ImM), andLlC1, [CH&HOHj mcreased 
as &Kl] increased The maximum [CH&HOH] was recorded at [Cl-}/[Fe3’] 2 7. 
The change m color of the ngid glass inCated that Fe3 f was reduced to Fe2 i durmg 
photosensltlzed oxidation of the ethanol. 

3mT 
-H 

Fig 2 
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Fig 2 E s r spectra of photoIyzed, nsd glasses of ferrx chlonde pIus I-propanol(3) (A, Photolyzed 
for 4 mm at - 175”, spectrum recorded at - 175”, B photolyzed gIass 2.A warmed for 2 mm to - 160”, 
spectrum recorded at - 179, C, photolyzed glass 2B warmed for 3 mm to - 150”, spectrum recorded 
at - 175”) and D, photolyzed glass 2C warmed for 3 mm to - 145”, spectrum recorded at - 175” ) 
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The stabrhty of free radicals derived from 1-propanol (3) with mcrease m 
temperature was greater than that of free radicals dertved from 1 or 2 The mitral rate 
of free-radical formatron m photolyzed I-propanol glasses was much lower than in 
ethanol glasses at - 175” The I-propanol glasses had to be n-radrated for 4 mm at 
- 175” to yreld products that gave e s r -detectable stgnals The rmtlal stgnal generated 
at - 175” was a five-hne spectrum (see Frg 2A) that chd not have a bmonual drstrr- 
butron of intensity Assuming that the a and B protons are almost equivalent, a radical 
of the type .CH,CH&H,OH could generate the spectrum observed Rarsmg the 
temperature of the sample to - 160” for 2 mm and then relowermg it to - 175’ 
resulted m a fivefold Increase m signal mtensrty and a change 111 the number of lines 
from 5 to 7 (see Fig 2B) The seven-lme spectrum was dlstorted, such a spectrum 

could be generated by CH,CHCH,OH, havmg nearly equivalent CL and fi protons 
When the temperature of the sample was ratsed to - 150” for 3 mm and then 
relowered to -175”, the spectrum (Fig 2C) had 4 well-defined hnes with 1 8-mT 
sphttmgs When the temperature of the sample was raised to - 145” for 3 mm and 
then relowered to - 175”, the spectrum shown m Fig 2D was recorded, Its mtensrty 
had decreased ~45%, as compared with that of the spectrum shown m Frg 2C When 
the temperature of the sample was ratsed to - 140” (data not shown), the mtensrty of 
the srgnal decreased sharply; the hyperfine splitting of the four-hne spectrum did not 
change Evtdently, the free radrcal CH3CH#HOH generated the four-hne e s r 
spectrum, and was the most stable of three types of radtcal denved from 1-propanol 
The a and j3 protons appeared to be nearly equivalent The drstortlons of the e s r 
spectra shown in Frgs 2A and 2B are probably attributable to the co-exrstence of the 
three types of radrcal The maJor, hyperfine components of the spectra mdtcated that 
the least stable free-radrcals preponderate at the lower temperatures The order of 
appearance of the three types of radrcal, as the temperature was mcreased, mdrcated 
that restncted accesslbrhty of free-radical sites, caused by hydrogen bondmg, rmght be 
important m the reactton of the Intermediates from fernc chlonde plus I-propanol 
Accesstbthty of the more stable free-radrcal sites Increased with temperature At the 
lowest temperature employed, the self-associatron of I-propanol molecules by 
hydrogen bondmg may restnct the accessrbrhty of C-l 

Before photolysls, ngtd glasses of femc chlonde and 2-propanol (4) at - 180” 
generated a broad, one-lme, e s r spectrum After photolysrs of the glass for 8 mm at 
- 180”, an e s r spectrum havmg seven lmes was generated (data not shown). When 
the temperature of the ngrd glass was raised to - 150”, the mtenstty of the spectrum 
and the sharpness of the hypetline sphtting increased A radrcal of the type 
CHsCOHCHs would have SIX equivalent protons mteractmg wrth the unparred 
electron on C-2, and should generate a symmetrical,,“› seven-lme spectrum, as shown m 
Fig 3 Evidently, the actrve mtermedrates formed durmg the photolysls of glasses of 
fernc chlonde plus 4 selectively abstracted hydrogen atoms attached to C-2 The 
apparent enerm of actrvatton of the reactron of the actrve mtermetites with 2- 
propanol to yreld CH,cOHCHJ was estrmated from an Arrhemus plot to be about 
21 kJ mole- ’ Thus value approximates the energy of a hydrogen bond’ ‘, and suggests 
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that hydrogen-bond dissocratron 1s the rate-dete rminmg step and occurs before the 
reaction of the active mtermedrates with 2-propanol to yreld e s r-detectable radrcals 

-H 

Fig 3 E s r spectrum of photolyzed, n@d glass of femc chlonde plus 2-propanol (4) (Photolyzed 
for 8 ELUII at - 180’; then the glass was warmed for 4 mm to - 150”, and the spectrum was recorded 
at -160”) 

Photclqzed, rigid glasses of ferric chloride plus 1-butanol (5) generated a 
seven-hne e s r. spectrum that exhrbrted hyperline splittings stiar to those of the 

spectrum denved from 2-propanol(4), see Frg 3 If the a and p protons of a radical of 
the type CH$HCH&H,OH were nearly eqmvalent in coupling with the unpaved 
electron, a seven-hne e s r. spectrum would be generated After photolysrs for 8 mm 
at - 180”, the light was turned off, the concentratron cf e s r -detectable radicals 
continued to increase for as long as 90 mm Thrs mdrcated that the active mter- 
mediates formed during the photolysrs contmued to react wrth I-butanol m the 
absence of light There was no e s r. evidence for radicals located at C-l, C-2, or C-4 
of I-butanol 

Photolyzed, ndd glasses of ferric chloride plus 2-methyl-I-propanol(6) mrtrally 
generated a three-lme e s r spectrum having hypehe splittings of - 1 7 mT (data 

not shown). After photolysrs for 8 mm at -MO”, the hght was turned off, the con- 
centration of e s r -detectable radxals increased as the temperature of the glass was 
then increased, and the e s r spectrum changed from a three- to a multr-hne spectrum 
that indicated that unparred electrons were located at more than one carbon site For 
example, a radrcal of the type CHB(CHJ)CHCHOH could generate a three-lme e s r 
spectrum, xf the CY and fl protons were nearly eqmvalent A raQca1 of the type 
CH,(CH,)CCH,OH could generate a multi-hne e s r spectrum 

Photolyzed, r&d glasses of fernc chloride and 2-methyl-2-propanol(7) &d not 
generate an e s r.-detectable radical. After photolysis, the glasses were colorless, and 
thrs i&mated that Fe3+ was reduced to Fe 2+. When glasses that contamed about 
10% (v/v) of water were photolyzed, a three-hne e s r. spectrum was generated (data 
not shown). A ralcal of the type (CH3)(CH3)(CH,)COH formed by abstraction of 
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hydrogen from one of the CH3 groups would generate a three-hne e s r spectrum. 
Addition of water to the glass may have increased hydrogen bonding in the system, 
thereby tending to stabilize the pnmary ra&cal Hams et al l2 reported that the 
length of hydrogen-bond chains m hqurd 2-methyl-2-propanol IS hnuted to c 5 mole- 
cules. The addition of water would tend to increase hydrogen bondmg m 2-methyl- 
2-propanol 

Photolyzed, ngld glasses of ferric chloride plus pentanol (8) generated a nme- 
line e s r spectrum havmg an overall, hyperfke sphttmg of 16 2 mT (data not shown). 
Photolyzed, nBd glasses of femc chlonde plus cyclopentanol (9) also generated a 
nme-hne e s r spectrum, having an overall, hype&e sphttmg of 17 5 mT Asagn- 
ments of structures to ralcals were not possible The rmg structure of cyclopentanol 
and, possibly, the conformatlon of the long chams of hydrogen-bonded pentanoi 
could cause protons to exlublt restncted rotation about C-C bonds Wide vanatlons 
m hype&e coupling of /I protons are reported to occur when protons expenence 
restncted rotatlon7* I3 The effects of noneqmvalent p protons on hyperfine sphttmg, 
and the posslblhty of the formatxon of more than one type of free radical, probably 
account for the generation of the complex, e s r spectrum 

Photolyzed, ngd glasses of fernc chlonde plus cyclohexanol (10) generated a 
mne-hne e s r spectrum havmg an overall, hype&e sphttmg of about 11 mT When 
the temperatures of the photolyzed glasses were Increased shghtly, reactlon of the 
active mterme$lates with cyclohexanol generated the mne-lme e s r spectrum shown 
m Fig 4 Lmes 2, 5, and 8 constitute a three-hne spectrum havmg hyperfine sphttmgs 
of about 3 6 mT Lmes 1 and 3, 4 and 6, and 7 and 9 form two-lme spectra having 
hyperfine sphttmgs of about 1 8 mT These three sets of hnes also form a trIplet 

3mT 
-H 

Fig 4 E s r spectrum of photolyzed, nad glass of femc chlonde plus cyclohexanol(10) (Photolyzed 
for 10 mm at - 196’, then the glass was warmed for 50 set at 25”, and the spectrum was recorded at 
- 196’ ) 
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spectrum havmg hyperfine splittmgs of -3 6 mT. The most stable conformatron for 
cyclohexanol should be that chair conformatron havmg the hydroxyl group equatonal- 
ly attached . l4 The magmtude of the B-proton couphng varres wrth the onentatron of 
the fi CH bond relative to the nodal plane of the unparred electron, and 1s close to zero 
when the /3 CH bond hes m the nodal plane I2 The couplmg from equatorial protons . 

m cyclohexanol should be close to zero Therefore, the three-line spectrum (hnes 2, 5, 
and 8) 1s probably generated by a free ra&cal on C-l that interacts with the axial 
protons on C-2 and C-6 Two-hne spectra (hnes 1 and 3,4 and 6, or 7 and 9) would be 
generated by a free radrcal located on any carbon atom other than C-l A two-hne 
spectrum having a hyperEne sphttmg of 1 8 mT would result from the interactron of 
the CL proton wrth the unparred electron_ The mteractron of the /3 protons (equatonally 
attached to adJacent carbon atoms) w&h the unpatred electron would generate the 
three sets of hnes (lmes 1 and 3, 4 and 6, and 7 and 9) that form a tnplet spectrum 
havmg hyperfine splittings of -3 6 mT. The e s r spectrum shown m Fig 4 IS, then, 
the summatron of spectra generated by a free radical srtuated on C-l and a free radical 
on one cf the other carbon atoms 

Photolyzed, ngrd glasses of ferrtc chlonde wrth each of the alcohols mvestrgated, 
except 2-methyl-2-propanol, evidently contamed trapped, actrve Intermediates When 
made wrth water, however, glasses of 2-methyl-2-propanol with fernc chlonde 
generated trapped, active intermediates on photolysrs In the photolyzed, rrgtd glasses 
of fernc chlonde wrth the alcohols mvestrgated, hydrogen bondmg was evrdently a 
factor m stabihzmg the trapped, active intermediates derived from femc chloride 
Rrgid glasses of fernc chlonde with an alcohol should constrtute a satrsfactory model 
for cellulose in the sohd state Natural cellulose m the solid state is a hydrogen-bonded 
network’ ’ of a polymer-m alcohol 

The alcohols and the femc chloride, ferric mtrate, and hthmm chlorrde used 
were of reagent grade The ngrd glasses were frozen solutrons (4m~) of femc chlonde 
m neat alcohols, except m the two cases mdrcated Drstrlled water was used rn the 
preparation of one ngtd glass 

The e s r spectra were recorded wrth a Vanan 4502-15 EPR spectrometer* 
equipped wrth a variable-temperature accessory permrttmg operatron from - 185 to 
+ 300” A Dewar accessory for hqurd mtrogen permrtted operatron at - 196” Spectra 
were recorded at the temperatures mdrcated, m the form of the first denvatrve of the 
absorptron hne 

Solutrons of femc chloride m an alcohol that had been purged free of oxygen 
were placed m quartz tubes, quickly frozen m hqmd mtrogen, and then placed 
lrectly in the resonant cavity of the spectrometer, the temperatures of the ngrd 

*Trade names are gwen as part of the exact experunental condlhons, and not as an endorsement of 
the products over those of other manufacturers 
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glasses were controlled as mdlcated The ngxd glasses were photolyzed by exposure to 
hght that passed through a slotted opemng m the resonant cavity A PEK 110, 
mercury short-arc, pomt-source, high-pressure lamp* that was operated at 100 W 
was used to n-radiate the ngld grasses The hght was focused to about 1 cm’ on the 
sIotted openmg m the resonant cavity, and had a rated lummous mtenslty of 
- 140 kcd cm- 2 The activated intermediates formed from fernc chloride reacted 
with the alcohols to generate e s r -detectable radicals After photolysls, increases in 
temperatures of the photolyzed glasses Increased the extent of reactron of the active 
mtermedlates with the alcohols to yield blgher concentrations of e s r -detectable 
ralcals, as reported previously for alcohols and vinyl monomers3~6*7y16_ 
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